Abstract. Few studies have investigated the association between dietary intake and blood concentrations of water-soluble vitamins in patients with ulcerative colitis (UC). In the present study, vitamin concentrations were measured in the blood and urinary excretion of 23 outpatients with UC and compared against a control group of 20 healthy participants. A weighed food record procedure was used to ensure controlled macronutrient and vitamin intakes of the UC cohort. Individuals in the control group were given a semi-purified diet for 8 days prior to assessment. Multiple linear regression analysis was used to identify important differences in vitamin concentrations, independent of sex, age and other confounding variables. The blood concentrations of vitamins B 2 , C, niacin and folate were markedly lower in the patients with UC than those in the control group, and the renal clearance of vitamins B 1 , B 6 , B 12 and folate was notably higher in the UC cohort. It was concluded that vitamins B 2 , C, niacin and folate were at significantly lower concentrations in patients with UC following adjustment for coexisting factors. The lower levels of niacin may be partially due to impaired reabsorption. Chronic inflammation, common in patients with UC, with may contribute to the lower levels of other vitamins by rendering amino acid and carbohydrate metabolism into a hypermetabolic state. As the role of vitamins in metabolic activity is constant and pervasive, nutritional management including the application of water-soluble vitamins appears important for patients suffering from UC.
Introduction
Ulcerative colitis (UC) is a chronic inflammatory disease of the large intestine, the characteristic symptoms of which are abdominal pain and cramping, blood in stools, diarrhea, vomiting and weight loss (1) . As with other types of inflammatory bowel disease (IBD), including Crohn's disease, the etiology of UC remains to be fully elucidated, however, factors contributing to its development, including the environment, genetic predisposition, intestinal microflora and pathological immune responses, are well recognized (2) (3) (4) . UC is most common in North America, England and North-Western Europe, although its incidence outside these regions has increased markedly since the 1980's (5, 6) . This globalization appears to be associated with a Western diet and lifestyle, which emphasizes the importance of the effect of the environment on the occurrence of UC (4, 7) . IBD is managed with changes in lifestyle in addition to pharmacological and surgical treatments (8) .
Vitamins, in their presence as much as their absence, are important in the pathophysiology of IBD. The most serious problem associated with vitamins in IBD is anemia due to deficiencies in iron, vitamin B 12 or folate. The causes of these deficiencies are different: Iron is depleted by chronic gastrointestinal blood loss; vitamin B 12 is inhibited by malabsorption secondary to terminal ileitis; folate deficiency may occur as a result of sulfasalazine therapy (9) . Elsewhere, it has been suggested that ascorbic acid (vitamin C), one of the most common antioxidants in biological systems, helps to fight inflammation and oxidative stress through the activation of intracellular molecular pathways (10, 11) . By trapping radicals, ascorbic acid prevents the cell membrane oxidation and injury caused by reactive oxygen species (12) . In addition, among the general health benefits provided by ascorbic acid supplementation, there are distinct advantages, including its roles in fighting metabolic disease or cancer (13) . The role of vitamin D in the promotion of healthy bones is well established, however, this vitamin is also emerging as a multifunctional vitamin in IBD. It has been shown to be linked with various other functions, including anti-inflammatory and anticarcinogenic actions in the gastrointestinal tract (14) . Among patients with
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IBD, vitamin D deficiency has been reported to be inversely associated with the disease activity of Crohn's disease but not with that of UC (15) . Vitamin E has been reported to act as an anti-inflammatory and antioxidant in acetic acid-induced UC in rats (16) . Although there has been interest in the involvement of vitamins in the development and relapse of UC, there is limited data on the association between dietary intake and blood concentrations of water-soluble vitamins in patients with UC. With this in mind, the aim of the present study was to make a comprehensive comparison between the concentrations of water-soluble vitamins in the blood and urinary excretion of UC sufferers with a group of healthy control subjects.
Materials and methods

Participants
Patients with UC. A total of 23 patients (in remission, 8 men and 9 women; with active UC, 2 men and 4 women; mean age, 43.6 years; range: 20-74 years) who visited the outpatient clinic of Shiga University of Medical Science Hospital (Shiga, Japan) were enrolled in the present study. All patients were treated with medicines for UC, including salazosulfapyridine (SASP) and 5-ASA. A number of patients were treated with prednisolone or an immunosuppressant, including azathioprine. The study was fully explained to each patient and they provided informed consent. Patients with UC reporting a history of major abdominal surgery, including colectomy, or of other gastrointestinal illness, carcinoma or other inflammatory and infectious disorders were excluded. This part of the study was performed between August and December 2010, in accordance with the Helsinki Declaration (October 2000). The protocol for was approved by the Institutional Review Board of the Shiga University of Medical Science. (no. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] 2010) .
Control participants.
A total of 20 healthy, Japanese college students (10 men/10 women, mean age: 20.7 years, range 19-23 years), volunteered for the present study. The physical examination and blood tests performed prior to the experiment showed normal values. The study was reviewed and approved by the Ethical Committee of the Independent Administrative Agency, National Institute of Health and Nutrition (Tokyo, Japan). All participants were housed in the same facility for 8 days. A daily schedule imposed lights-out at 10:00 p.m. in order to promote sleep and wake-up at 06:00 a.m. The precise design of the experiment has been described elsewhere (17) . This part of the study was performed between the March 1 Blood and urine sample collection Patients with UC. Fasting blood samples were collected in EDTA tubes. Whole blood and plasma samples were stored at -20˚C for later analysis. In addition 24-h urine samples were collected on the day prior to the blood tests. The urine samples were maintained on ice until they had been measured and were immediately analyzed in order to avoid the destruction of water-soluble vitamins. The method of analysis is described below under. Following analysis, the samples were stored at -20˚C.
Control participants. The collection of 24-h urine samples was performed from the second urination on day 7 to the first urination on day 8. Following measurement of the urine samples, they were immediately treated following the same protocol as the patients with UC in the preceding paragraph. Blood samples were collected from a cubital vein at 08:30 a.m., prior to breakfast on day 8, were analyzed immediately to avoid the destruction of water-soluble vitamins and were then stored at -20˚C.
Dietary assessment
Patients with UC. Food intake was recorded by each patient using a weighed food record procedure with supplemental use of photography at home. A registered dietician provided instructions on weighing and taking photographs. This regime was followed for 3 days prior to assessment. The validation of this method has been reported elsewhere (18) . The daily intakes of macro-and micronutrients for each patient were calculated using software (Excel Eiyokun version 4.5, Kenpakusha, Inc. Tokyo, Japan) based on the 5 th revised and enlarged edition of the Standard Tables of Food Composition in Japan (19) .
Control participants. The mealtimes were as follows: Breakfast at 08:00-09:00 a.m., lunch at 12:30-13:10 p.m., and dinner at 18:30-19:00 p.m. The subjects consumed a semi-purified diet based on Japanese Dietary Reference Intakes (20) during the experiment. The composition and quantities of the semi-purified diet were as described previously (17) .
Chemicals. Thiamin hydrochloride, riboflavin, pyridoxine hydrochloride, pyridoxal phosphate monohydrate, cyanocobalamin, nicotinamide, folate (pteroylmonoglutamic acid), and L (+)-ascorbic acid were purchased from Wako Pure Chemical Industries (Osaka, Japan). 4-Pyridoxic acid was made by ICN Pharmaceuticals (Costa Mesa, CA, USA) and obtained from Wako Pure Chemical Industries. N1-Methylnicotinamide (MNA) chloride was purchased from Tokyo Chemical Industries (Tokyo, Japan). N 1 -Methyl-2-pyridone-5-carboxamide (2-Py) and N 1 -methyl-4-pyridone-3-carboxamide (4-Py) were synthesized using the methods of Pullman and Colowick (21) and Shibata et al (22) , respectively. All other chemicals used were of the highest purity available from commercial sources.
Analyses of blood and urine vitamins. The concentrations of total vitamin B 1 in the whole blood and urine samples were measured using the high performance liquid chromatography (HPLC)-post-labeled fluorescence method of Kimura et al (23) with modifications. The concentration of total vitamin B 2 in the whole blood was determined using the HPLC-lumiflavin method of Ohkawa et al (24) with modifications. The urinary concentration of vitamin B 2 was analyzed according to the method of Ohkawa et al (25) . Pyridoxal phosphate (a coenzyme of vitamin B 6 ) in the plasma was determined using the HPLC method (26) . The concentration of 4-pyridoxic acid, a catabolite of vitamin B 6 , was measured in the urine using the HPLC method (27) . Plasma and urine vitamin B 12 concentrations were assayed using a microbiological method with Lactobacillus delbruecki subsp. lactis (ATCC, Manassas, VA, USA; cat. no. 7870) (28) . The total nicotinamide content in the whole blood samples was measured using the method of Shibata et al (29) . The quantities of Nam, 2-Py and 4-Py in the urine were measured simultaneously using the HPLC method of Shibata et al (22) . The content of MNA was measured using the method of Shibata (30) . The concentrations of plasma and urinary folate were determined via the microbioassay method using Lactobacillus casei (ATCC, cat. no. 2733) (31) . The plasma and urine contents of reduced and oxidized ascorbic acid and 2,3-diketogluconic acid were determined using the HPLC method (32) . The clearance rates of vitamins in ml/min were calculated from the 24-h urinary excretion of vitamins and blood concentrations of vitamins.
Estimated glomerular filtration rate (eGFR).
The body surface area (BSA) was calculated using the following formula: BSA = 0.007184 x body weight (kg) 0.425 x height (cm) 0.725 (33) . The eGFR in patients with UC was calculated using the following equation: eGFR (ml/min) = 194 x (BSA/1.73) x creatinine (mg/dl) -1.094 x age -0.287 for men, and = 194 x (BSA/1.73) x creatinine (mg/dl) -1.094 x age -0.287 x 0.739 for women (34) . As serum creatinine concentrations from the control participants were not available, eGFR was estimated as 100 ml/min.
Statistical analysis. SPSS Statistics version 23.0 (IBM Corp., Armonk, NY, USA) was used. The χ 2 test was used to compare dichotomous variables among controls, patients with active UC, and patients with UC in remission. Student's t-test was used to confirm whether the means of two groups were statistically different from each other. One-way analysis of variance was used to compare the means of three groups, followed by post hoc application of the Tukey test when the F-value was significantly different at P<0.05. With the exception of vitamin B 2 , almost none of the means of variables in the patients with UC were statistically different when active and remission cases were compared. Coefficients for multiple linear regression models were used to examine the differences in blood vitamin concentrations between the UC cohorts and control groups (35, 36) . As the distribution of blood vitamin B 12 concentration was positively skewed, a logarithmic transformation was used to normalize the distribution. Model 0 = crude difference in patients and controls (patient -control). P-values were ascertained by linear regression analyses. Model 1 = age-adjusted difference. Model 2 = Model 1 variables plus sex (male=1, female=0), body mass index (BMI; kg/m 2 ), eGFR, urinary excretion, and dietary intake of each vitamin. The above analyses were performed for blood vitamin B 2 concentration in three groups (i.e., control, patients with active UC and those in remission) using dummy variables.
Results
Descriptive statistics. The basic characteristics of members of the UC and control groups are tabulated in Table I . BMI did not vary substantially even though the patients with UC had a higher mean age than the subjects in the control group. Men and women were equally represented in all groups. The mean albumin, C-reactive protein, creatinine, eGFR, hematocrit, hemoglobin, white blood cell, total cholesterol and total protein levels of the patients with UC are also shown in Table I . When the test results for patients in remission were compared against the patients with active UC, only the mean WBC of patients with active UC was notably higher. As expected, the CRP level of the patients with active UC was higher than that in patients in the remission phase. However, this difference was not statistically significant (P>0.05).
The macronutrient and vitamin intakes for all participants are listed in Table II . The recommended dietary Values are presented as the mean ± standard deviation or % (for women). The χ 2 test was used to compare dichotomous variables (% women) among controls, patients with UC in remission phase, and patients with UC in active phase. Student's t-test was used to ascertain whether the means of two groups were statistically different from each other. Analysis of variance was used to compare the means of the three cohorts, followed a post-hoc Tukey HSD test when the F-value was significant at P<0.05. did not vary markedly from the RDA values, however, the patients with UC in particular tended to have lower values. Almost half of the patients with UC had intakes of these vitamins that were below the RDA values. The means for B 12 , niacin and folate were generally higher than the RDA values. Compared with the controls, higher means were recorded in the active UC cohort for vitamin B 12 , in the remission UC cohort for folate, and in the two UC cohorts for niacin and NaCl. Lower means were recorded in the patients with active UC for vitamin B 1 , and in the two UC cohorts for vitamin B 2 and B 6 . Between the remission UC and the active UC cohorts, the mean value for vitamin B 2 was lower in the active phase. The total energy and vitamin C intakes did not differ among the three groups.
Urinary vitamin excretion in patients with UC and controls.
The urinary vitamin excretion values of the patients with UC and controls are listed in Table III . The mean urinary excretion of vitamin B 12 was significantly lower in the patients with UC than in the control group, whereas the values for vitamin B 1 were notably higher. There were no differences in the remaining values between the UC and control groups.
Blood vitamin concentrations in patients with UC and controls. The blood vitamin concentrations of the patients with UC and the controls are listed in Table IV . Without adjustment (Model 0), the patients with UC exhibited higher concentrations than the control group for vitamins B 1 and B 12 , and lower concentrations for the remaining vitamins. With adjustment for age (Model 1), the differences for all vitamins remained significant. With further adjustments for age, sex, BMI, eGFR, urinary excretions of vitamin and dietary intake of each vitamin (Model 2), the blood concentrations of vitamin B 2 , vitamin C, niacin and folate remained significantly lower in the patients with UC than those in the controls. The results of the analyses for blood vitamin B 2 levels in the three groups (i.e., control, and patients with UC in remission and in the active phase) with use of dummy variables did not differ from the results of the two-group analyses.
Vitamin clearance in patients with UC and controls. The vitamin clearance rates of the UC and the control groups are listed in Table V . Compared with the control group, the mean clearance rates of vitamin B 1 were significantly higher in the patients with active UC and those in remission compared with that in the control. The patients with UC in remission also had higher clearance rates of vitamin B 6 , B 12 and folate, whereas patients with UC in the active phase exhibited lower clearance rates of vitamin B 12 . No significant differences were observed for the other values among the three groups.
Discussion
The principal finding of the present study investigating the association between dietary intake and blood concentrations of water-soluble vitamins in patients with UC was that concentrations of vitamin B 2 , vitamin C, niacin and folate were markedly lower in patients with UC than in healthy control subjects, independent of age, BMI, dietary intake, eGFR and other confounding factors; and that for renal clearance, only niacin was notably higher in patients with UC.
Individuals suffering from UC are usually advised to follow a diet rich in energy and protein, but restricted in fat which can stimulate the mucous membrane of the large intestine and cause diarrhea (38) . Patients are also advised to eat food with sufficient micronutrients to avoid inflammatory reactions. However, in the subjects who volunteered for the present study, those in the UC group actually had higher fat content in their diets than the controls. As the total protein and albumin levels remained within the normal range, no patients were classified as malnourished. Jowett et al suggested that a high-meat diet rich in sulfur and sulfate may be implicated in relapse of UC. Amino acids containing sulfur are abundant in animal proteins but not in soy protein, which may be recommended as a source of protein for patients with UC (39) . For patients with IBD, it is recommended that vitamin intakes are above dietary reference intakes. In the present study, in which almost 50% of the UC patient group had vitamin B 1 , B 2 , B 6 and C intakes below the RDA values, nutritional improvement with the possible inclusion of food supplements is recommended.
Vitamin deficiencies, if they occur in IBD, may not be attributed to a single cause (40) . Inadequate intake of vitamins may be present in severe cases as patients may restrict their diet in order to reduce symptoms. The increased utilization of vitamins in the inflammatory process itself may contribute to the vitamin deficiencies of patients. The malabsorption caused by the presence of chronic diarrhea or intestinal dysfunctions may be additional factors. In this context, it is possible that chronic inflammation of the large intestine in patients with UC affects their gut flora, which is known to produce certain vitamins, including vitamin B 2 , niacin and folate. However, the vitamins, if synthesized, may not be absorbed as the large intestine lacks vitamin transporters. The supply of vitamins from the gut flora, if any, can be neglected in healthy individuals and patients with UC. In addition, in the case of water-soluble vitamins, their urinary excretion also requires consideration.
Vitamin B 2 (riboflavin) is an architectural component of flavin mononucleotide and flavin adenine dinucleotide, which serve as prosthetic groups in flavoproteins. For example, a flavoprotein, succinate dehydrogenase catalyzing the oxidation reaction of succinic acid to fumaric acid is a key enzyme in tricarboxylic acid cycle for energy production (41) . As patients with UC are in a hypercatabolic state due to inflammation and fever, their requirement for riboflavin may increase in catabolic metabolism, leading to lower level of vitamin B 2 in the blood. However, inflammation and fever are not the sole reasons for decreased levels of vitamin B 2 , as the blood level of vitamin B 1 , which is also important in carbohydrate catabolism for energy production, was not lower in patients with UC than in the control group. Further investigation is required for clarifying the suitable levels of B group vitamins for patients with UC.
As vitamin B 12 is important for the normal formation of red blood cells, its serum level was examined in relation to anemia among patients with IBD in Brazil (42) . The study by Antunes et al (42) reported that only 5% of patients with UC exhibited vitamin B 12 deficiency, however, no data was reported for the serum level. In the present study, the vitamin B 12 level in patients with UC was significantly higher than that of in control individuals following adjustment for age (Model 1), however, the significance disappeared with further adjustment for sex, BMI, eGFR, urinary excretion of the vitamin and dietary intake of the vitamin (Model 2) as described above.
In the present study, the blood concentration of vitamin C was markedly lower in the patients with UC than in the control subjects. Fernandez-Banares et al also reported low vitamin C concentrations in patients with IBD (43) . Vitamin C is absorbed throughout the whole of the small intestine. Unlike Crohn's disease, in which lesions develop in the small intestine, inflammation in UC is mainly confined to the colon (2, 8) . Therefore, the absorption of vitamin C is not expected to be impaired in UC. The low concentration of vitamin C in the patients with UC may be due to the increased requirements for antioxidants triggered by colonic inflammation. It is well Coefficients for multiple linear regression models were used to examine differences in blood vitamin concentrations between the UC and control groups. As the distribution of blood vitamin B 12 concentration was positively skewed, a logarithmic transformation was used to normalize the distribution. Model 0: Crude difference in patients and controls (patient-control). P-values by linear regression analyses. known that vitamin C acts as a potent antioxidant in the living body (44) .
Despite a sufficient dietary intake of niacin, its concentration was lower in the UC group than in the control group. By contrast, niacin renal clearance was markedly higher in the UC group than in the control group. The lower concentration of niacin was likely due to a high urinary clearance of niacin. In addition, the increased catabolic metabolism in UC may contribute to the lower level of niacin. Niacin is an architectural component of pyridine nucleotide coenzymes, including nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide phosphate. The reduced forms of the pyridine nucleotide coenzymes also have anti-inflammatory activity (45) .
The lower concentrations of folate in patients with UC in the present study may be associated with medications taken by the patients. Interactions with SASP and 5-ASA, therapeutic agents for UC, are known to cause vitamin deficiency, particularly for folate. Hoshino et al reported the case of a patient with UC who had developed folate-deficient megaloblastic anemia induced by SASP, with the symptom being aggravated further by the use of 5-ASA (46) . SASP interferes with a folate recognition site that is common to three enzymes involved in folate metabolism, dihydrofolate reductase, methylenetetrahydrofolate reductase and serine transhydroxymethylase, and to the intestinal transport system (47) .
Although the jejunum appears to be clinically uninvolved in UC, changes in the structure and function of the small bowel have been described (48, 49) . The malabsorption of folate due to the administration of SASP for UC may also be due to the inhibition of pteroylpoly-γ-carboxypeptidase (known as folate conjugate), which hydrolyzes poly-glutamate forms of tetrahydrofolates in foods to a mono-glutamate form of tetrahydrofolate in the intestinal jejunum prior to absorption (50) .
The key strengths of the present study were as follows: i) the comprehensive measurement of blood, urine, and dietary intakes of water-soluble vitamins of subjects; and ii) the standardized collection of samples that were immediately analyzed with high-quality laboratory measurements. The cross-sectional design of the study was identified as a weakness, and results require interpretation with caution when considering cause-effect relationships. As the age ranges differed widely between the patients suffering from UC and healthy subjects, statistical analyses may have been affected. However, as R 2 , the goodness-of-fit measure for all of the blood vitamin concentrations augmented considerably from Model 0 to Model 2, the appropriateness of the statistical method appears to have be confirmed. Data on urinary creatinine of NaCl was not collected from the patients with UC, nor was blood creatinine in the control subjects. The eGFR was used for the UC cohort and a rate of 100 ml/min was used for the control subjects. The total number of subjects, including patients (n=23) and controls (n=20), may be considered small. However, by remaining vigilant regarding the behavior of R 2 in the analyses, and by checking R 2 behavior against comparable studies in the field, the number of subjects is considered to be adequate.
In conclusion, the blood concentrations of vitamin B 2 , vitamin C, niacin and folate were significantly lower in patients with UC than in healthy subjects, independent of age and other confounding factors. Reductions in the blood concentrations of these vitamins in patients with UC may be of clinical significance, including in the forecasting, diagnosing and treatment of anemia in patients suffering from UC. Therefore, modifying the management of patients with UC, including adjustments in diet and/or vitamin supplementation, may be warranted when similar laboratory results are present.
Availability of data and materials
The datasets used in the present study are available from the corresponding author on reasonable request.
Authors' contributions
HI, ToF and KS conceived and designed the experiments; HI, TsF and KS analyzed the data; HI and YD wrote the first Vitamin clearance rates (ml/min) are presented as the mean ± standard deviation. Analysis of variance was used to compare the means of the three groups, followed by a followed by a post-hoc Tukey HSD test when the F-value was significant at P<0.05. draft of the manuscript; TsF, KS and MS contributed to the writing of the manuscript; HI, ToF, TsF, SB, MS, TT, YD, and KS agreed with manuscript results and conclusions. All the authors reviewed and approved the final manuscript.
Ethics approval and consent to participate
All procedures performed in the study involving human participants were in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. The protocol for this study was approved by the Institutional Review Board of the Shiga University of Medical Science (no. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] 2010 ). Written informed consent was obtained from the individual participants included in the study.
Patient consent for publication
Not applicable.
